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Control of electronic properties in organic semiconductor materials is essential for 
electro-optical applications such as field-effect transistors, light-emitting diodes, and 
photovoltaic devices. This work is focused on two systems that highlight different 
approaches for the manipulation of electronic properties: (I) the development of electron-
deficient (n-type) materials by selective lowering of ELUMO and (II) low energy gap 
materials by controlling both ELUMO and EHOMO.  
To specifically lower ELUMO, a pyrazine-acene π-platform was extended using 
electron-withdrawing moieties. These include: pyridine, pyrazine, and benzothiadiazole 
(system I). From the base pyrazine-acene, the most significant change in ELUMO of 0.83 
eV was observed with benzothiadiazole π-extender, while pyridine and pyrazine lowered 
ELUMO by 0.15 eV and 0.42 eV, respectively. EHOMO was relatively unaffected by these π-
extenders. 
The mechanism for ELUMO control in this system was illustrated by theoretical 
evaluation.  We found that the LUMO orbital localized on the more electron deficient 
part of the pyrazine-acene including the π-extenders, while the HOMO orbital localized 
on the more electron rich portion, away from the π-extenders.  This enabled us to achieve 
specific control of ELUMO depending on the type of π-extenders. 
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To achieve low energy gap (Egap) materials, structures containing electron rich 
(donor) thiophene attached to an electron deficient (acceptor) pyrazine-acene π-core were 
synthesized as system II. The effects of planarity, type of solubilizing side group (i.e. 
alkyl vs. alkoxy), and type of pyrazine-acene π-core on Egap have been evaluated both 
experimentally and theoretically. Extension of the π-core with a thiadiazole moiety 
further enhanced the electron deficiency of the acceptor part of the molecule resulting in 
a decrease of ELUMO from -3.32 eV to -3.90 eV. An impressive Egap compression of 1.21 
eV was achieved with this donor-acceptor configuration, which is rare for a small 
molecule. 
Through systematic theoretical investigation, it was found that the dihedral angle 
between the pyrazine-acene acceptor and the thiophene donor affects EHOMO rather than 
ELUMO.  This was also supported experimentally with planar and nonplanar systems.  
   Most of the compounds of system I and II assembled into one-dimensional (1D) 
fibers with a width of 10 nm to 2µm via organogelation, phase-transfer assembly, or 
simple-drop casting. This demonstrates the utility of the presented molecular design in 
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CONTROL OF ELUMO BY EXTENSION OF THE PYRAZINE-ACENE π-CORE 
1.1 Introduction 
Control of electronic properties in organic semiconductor materials is essential for 
electro-optical applications such as field-effect transistors1, light-emitting diodes2, and 
photovoltaic devices3-5. Tunability of LUMO (ELUMO) and HOMO (EHOMO) energy levels 
is an important ingredient in the molecular design process as each application has various 
electronic requirements. The primary focus of this chapter is specific control of ELUMO to 
create new electron deficient, n-type materials.6,8,13,14,15,17,19,22,27  
N-Heteroacenes (aza-acenes) such as pyridine, pyrazine, and triazole have been 
particularly useful electron-deficient π-platforms.6-15 In an effort to further increase the 
electron affinity (lowering of ELUMO) of N-heteroacene containing materials, various 
approaches have been utilized. The synthetically simplest approach involves the 
introduction of electron-withdrawing peripheral substituents such as C≡N6,16-22, NO223, or 
halogens24-31. While this method effectively and conveniently lowers ELUMO, additional 
structural functionalization is not feasible as the sites for modification become limited.  
An alternative approach which provides greater flexibility in structural 
modification, although synthetically more challenging, involves extending the π-core by 
fusing additional contiguous electron-deficient N-heteroacene (or azaacene) moieties (π-
extender henceforth). In this approach, it is important to place the π-extenders in an 
appropriate molecular location to maximize the ELUMO lowering effect. For example, N-
heteroacene units can be contiguously7 or noncontiguously8 incorporated within a 
molecular π-framework which can result in different ELUMO lowering effects per pyrazine 
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unit. For system I, our goal is to explore the effect of π-extenders when they are fused 
with the pyrazine-acene (PA) (Base PA in Figure 1.1). More specifically, the π-extenders 
are fused directly to pyrazine in Base PA to maintain continuity. It is also our objective 
to find more effective ELUMO lowering π-extenders which can replace the synthetically 
challenging repetitive addition of pyrazine units.  
The π-extenders are chosen to investigate the effect of (i) the number of electron-
deficient C=N functions, (ii) C=N function in a fused aromatic moiety in comparison to 
peripheral C≡N substituents, and (iii) benzothiadiazole (BTD)32-37 in comparison to 
pyridine or pyrazine.  
Having previously achieved exceptionally high correlation between 
computationally generated gap energies and those obtained experimentally24, a significant 
aspect of this work involves the computational evaluation of the electronic properties 
associated with these π-extenders. Calculated energies are directly compared with all 
available experimental data. We have also added calculated energy data for molecules 
that we were not synthetically capable of generating in the laboratory. These additional 
systems help provide the most complete analysis of the π-extenders. 
Furthermore, the self-assembly of synthesized compounds was studied using a 
variety of methods.  The intent of each assembly method is to produce one-dimensional 
(1D) structures.38-41 The efficient charge transport42-44 has been attributed with the 






Figure 1.1.  Pyrazine-acenes with π-extenders (system I). [a] Bisphenazine (BP)23 
[b]reference PA with peripheral cyano substituent. [c]synthetically unavailable and only 




Nuclear magnetic resonance (NMR) spectra were obtained with a Varian Gemini 
400 MHz NMR spectrometer at room temperature. Deuterated chloroform (CDCl3) 
containing tetramethylsilane (TMS) as an internal reference was used as the solvent for 
both 1H NMR and 13C NMR. Elemental Analysis was carried out by Atlantic Microlab, 
inc. Mass spectra were collected at the University of Illinois, Chicago. Optical properties 
of the molecules were obtained with Shimadzu UV-2600 UV-visible spectrophotometer 
and Horiba Fluorimeter using a xenon lamp excitation source for absorption and 
fluorescence emission, respectively. Electrochemistry measurements were performed 



















































configuration, with a cell equipped with a platinum plate as the counter electrode, a 
platinum disc as the working electrode (2 mm diameter), and a non aqueous 
Ag/Ag+electrode (Ag in 10 mM AgNO3 solution in anhydrous acetonitrile) as the 
reference electrode. CV measurements for all compounds were recorded in a methylene 
chloride solution containing 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF6) 
as the supporting electrolyte. All solutions were purged with Ar for 20 - 30 min before 
each experiment, and a positive pressure of Ar was maintained over the sample solution 
during the experiments. The scan rate was ν = 100 mV/s for all experiments. All 
potentials are reported versus the ferrocene/ferrocenium (Fc/Fc+) redox couple which was 
used as an internal standard. AFM was performed using non-contact AFM mode on a 
Park XE-70 in-air SPM system, using a NCHR cantilever.  
1.2.2 Synthetic Procedures 
All chemicals were purchased from commericial sources and used as received 
without further purification. The synthetic route to the title compounds can be seen in 
Scheme 1.1. The diketophenazine intermediate45, and 4,7-Dibromo-
benzo[1,2,5]thiadiazole-5,6-diamine46 were prepared according to previously published 
procedures.  
CN-PA  To a round bottom flask containing 0.216 mmol of diketophenazine, 
acetic acid (10 mL) was added. Lastly, 0.259 mmol of maleonitrile was added to the 
flask. The resulting solution was stirred, under a nitrogen atmosphere, at 110°C for 12 
hours. An additional 0.259 mmol of maleonitrile was added to the reaction flask, and 
stirring continued at 110°C for an additional 12 hours. Crude product was obtained by 
extracting into methylene chloride and washing with NaHCO3 and water then dried over 
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sodium sulfate The product was purified by silica gel column chromatography (30 % 
methylene chloride in hexane) providing a yield of 56 % 1H NMR (400 MHz, CDCl3, 
ppm): δ 9.65 (2H, d, J=2.0 Hz), 9.25 (2H, d, J=1.8 Hz), 7.48 (2H, s), 4.31 (4H, t, J=6.6 
Hz), 2.04 (4H, m), 1.72 (18H, s), 1.58 (4H, m), 1.45 (4H, m), 1.26 (44H, s), 0.88 (6H, t, 
J=6.8 Hz); 13C NMR (100 MHz, CDCl3, ppm): δ 153.60, 151.18, 143.27, 139.89, 138.90, 
129.85, 129.39, 125.89, 125.64, 125.07, 123.92, 114.15, 106.56, 69.30, 35.91, 31.94, 
31.83, 29.78, 29.76, 29.71, 29.70, 29.50, 29.39, 29.01, 26.15, 22.70, 14.13. [M+H]+:Calcd 
999.7; Found 999.7. 
PA-PY To a round bottom flask containing 0.216 mmol of diketophenazine, 
cholorform (8.4 mL) and acetic acid (2.7 mL) were added. 0.216 mmol of 2,3-
diaminopyridine was added to the flask lastly. The resulting solution was stirred, under a 
nitrogen atmosphere, at 80°C for 14 hours. Precipitates obtained after cooling the 
reaction solution were filtered and rinsed with NaHCO3, H2O and methanol. The product 
was purified by silica gel column chromatography (60 % methylene chloride in hexane) 
providing a yield of 85 % 1H NMR (400 MHz, CDCl3, ppm): δ 9.90 (1H, d, J=2.2 Hz), 
9.79 (2H, overlapping doublets), 9.72 (1H, d, J=2.2 Hz), 9.34 (1H, dd, J=4.0, 1.9), 8.80 
(1H, dd, J=8.4, 2.0 Hz), 7.85 (1H, dd, J=8.4, 3.9 Hz), 7.62 (2H, d, J=1.8 Hz), 4.33 (4H, t, 
J=6.7 Hz), 2.01 (4H, m), 1.74 (18H, s), 2.02 (4H, m), 1.61 (4H, m), 1.42 (4H, m), 1.26 
(44H, s), 0.88 (6H, t, J=6.9 Hz); 13C NMR (100 MHz, CDCl3, ppm): δ 153.32, 150.92, 
143.01, 139.58, 138.51, 129.72, 129.11, 125.71, 125.39, 124.71, 123.14, 114.14, 106.32, 
69.21, 35.86, 31.96, 31.84, 29.80, 29.77, 29.74, 29.71, 29.53, 29.40, 29.02, 26.15, 22.72, 
14.14. [M+H]+: Calcd 1000.7 Found 1000.7  
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PA-PYZ To a round bottom flask containing 0.755 mmol of diketophenazine, 
chloroform (25 mL) and acetic acid (25 mL) were added. 0.755 mmol of 2,3-
diaminopyrazine was added to the flask lastly. The resulting solution was stirred, under a 
nitrogen atmosphere, at 70°C for 7 days. Precipitates obtained after cooling the reaction 
solution were filtered and rinsed with NaHCO3, H2O and methanol. The product was 
purified by silica gel column chromatography (1 % ethyl acetate in methylene Chloride) 
providing a yield of 18 % 1H NMR (400 MHz, CDCl3, ppm): δ 9.84 (4H), 9.30 (2H, s), 
7.27 (2H, s), 4.34 (4H, t, J=6.6 Hz), 2.03 (4H, m), 1.67 (18H, s), 1.61 (4H, m), 1.46 (4H, 
m) 1.26 (44H, s), 0.88 (6H,t, J=7.0 Hz); 13C NMR (100 MHz, CDCl3, ppm): δ 153.64, 
151.23, 148.52, 147.49, 145.10, 140.16, 139.99, 129.97, 128.14, 125.78, 125.45, 106.88, 
69.31, 35.98, 31.94, 31.83, 29.75, 29.68, 29.45, 29.38, 28.95, 26.13, 22.70, 14.12. (1 
aromatic peak and 7 alkyl peaks not seen due to overlapping signals)  [M+H]+: Calcd 
1001.5 Found 1001.8 
PA-BTD-Br To a round bottom flask containing 0.329 mmol of diketophenazine, 
acetic acid (16 mL) was added. 0.494 mmol of 5,6-diamino-4,7-dibromo-2,1,3-
benzothiadiazole was added to the flask lastly. The resulting solution was stirred, under a 
nitrogen atmosphere, at 90°C for 18 hours. Precipitates obtained after cooling the 
reaction solution were filtered and rinsed with NaHCO3, H2O and methanol. The product 
was purified by silica gel column chromatography (50 % methylene chloride in hexane) 
providing a yield of 57 % 1H NMR (400 MHz, CDCl3, ppm): δ 9.64 (4H, s), 7.44 (2H, s), 
4.19 (4H, t), 2.00 (4H, m), 1.61 (4H, m), 1.47 (4H, m), 1.27 (44H,s), 0.88 (6H, t, J=6.4 
Hz); 13C NMR was unable to be preformed due to poor solubility at concentrations 
required for 13C NMR measurements. [M+H]+: Calcd 1213.4 Found 1213.4 
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PA-BTD-TIPSA To a round bottom flask containing 0.247 mmol EBP-BTD-Br 
with 8mol% PdCl2(PPh3)2, 45 mL THF and 15 mL triethylamine were added (both  
degassed with Argon prior to use). 0.741 mmol of (triisopropylsilyl)acetylene was added 
via syringe and 8mol% CuI was added lastly. The reaction mixture stirred under nitrogen 
for 2.5 hours at 65°C. The resulting mixture was filtered over a silica pad and further 
purified by column chromatography (30% methylene chloride/hexane) and 
recrystallization from hexane and methanol to provide a yield of 19 %. 1H NMR 
(400MHz, CDCl3, ppm) 9.83 (2H, d, J=2.0 Hz), 9.76 (2H, d, J= 2.0 Hz), 7.63 (2H, s), 
4.34 (4H, t, J= 6.6Hz), 2.03 (4H, m), 1.73 (18H, s), 1.61 (4H, m), 1.36-1.26 (90H, 
overlapping peaks), 0.88 (6H, t, J=6.8 Hz) 13C NMR was unable to be preformed due to 
poor solubility at concentrations required for 13C NMR measurements. . [M+H]+: Calcd 
1417.0 Found 1418.1 
1.2.3 Organogelation 
 A suspension was created in a 4 mL screw cap vial with a weighed amount of 
each compound, and dissolved by heating in an organic solvent. The homogenous 
solution was allowed to cool to room temperature. Gelation was considered successful if 
no flow was observed upon inversion of the vial.47  
1.2.4 Gelling Temperature (Tgel) 
Tgel was determined by forming a gel and placing the vial inverted into a 
temperature regulated water bath. The temperature of the water was monitored while 
being slowly increased. The temperature at which the gel fell from the bottom of the vial 




1.2.5 Phase Transfer Assembly41,43 
A binary solvent system with methylene chloride and methanol was used for 
phase transfer (PT) assembly. All solvents were filtered through a 0.2 µm PTFE filter 
before each experiment. Each compound was dissolved in methylene chloride and filtered 
into a clean 20 mL screw cap vial. Filtered methanol was slowly added so that two phases 
could be maintained. The mixture was left undisturbed overnight to let the two phases 
mix slowly. A variety of concentrations were tested as well as various volume ratios of 
methylene chloride/methanol.  
1.3 Results and Discussion 
1.3.1 Synthesis 
The title compounds were prepared from a condensation reaction between the 
diketophenazine intermediate and various diamino compounds. (Scheme 1.1)  The yield 
for the condensation reaction varied from 18% to 85% depending upon the type of 




Scheme 1.1. Synthetic route to extended Phenazine-Acenes (system I). 
 
We note that the reactivity of heteroaromatic diamines, i.e., 2,3-diaminopyridine, 
2,3-diaminopyrazine, and 5,6-diamino-2,3-dicyanopyrazine, could be correlated to the 
electron-withdrawing nature of heteroaromatic rings.  When the heteroaromatic ring 
contained one electron-withdrawing imine N (pyridine), the reactivity of dimine was not 
influenced when compared to o-diaminobenzene23, giving 85% yield for the condensation 
reaction which produced PA-PY.  In the case of 2,3-diaminopyrazine which contained 
two imine N, the reactivity of diamine dropped significantly producing PA-PYZ with a 
low yield of 18%.  However, our attempt to synthesize CN-PA-PYZ was unsuccessful.  
Although there is a report on the preparation of a dicyanopyrazinopyrazine,6,8 extending 





























































consistent with the trend of the reactivity of diamine we observed.  Presumably, the 
electron-withdrawing C≡N substituents on the pyrazine ring further decreased the 
reactivity of diamine.  However, this trend of the diamine reactivity may not be 
applicable to 4,7-dibromo-benzo[1,2,5]thiadiazole-5,6-diamine or diaminomalenonitrile, 
since PA-BTD-Br and CN-PA were obtained in moderate yields of 57% and 56%, 
respectively, in spite of the electron-withdrawing nature of the substituent, i.e., 
dibromobenzothiadiazole and cyano groups.   
The intermediate necessary for the synthesis of PA-BTD was not able to be made 
due to uncontrollable nitration in the absence of bromine on the aromatic ring.48 The Br 
substituents in PA-BTD-Br provided us an opportunity to further introduce substituents 
using a Pd-catalyzed C-C coupling reaction.  We conducted Sonogashira coupling of PA-
BTD-Br with (triisopropylsilyl)acetylene to give PA-BTD-TIPSA at 18% yield. 
(Scheme 1.2) This low yield could be attributed to instability of PA-BTD-Br under the 
reaction conditions as monitored by TLC.  Since we did not observe unreacted PA-BTD-
Br, the reactant may not be stable under the reaction conditions. Reactions using PA-
BTD-TIPSA proved unattainable, as removal of the protective triisopropylsilyl 
protecting group resulted in an unknown product that could not be isolated.  
 






























The structures and purity of the title compounds were confirmed by 1H NMR, 13C 
NMR, and mass spectrometry. Due to solubility issues with PA-BTD-Br and PA-BTD-
TIPSA, reasonable 13C NMR spectra were not obtained.13C was not performed.  
1.3.2 Physical Properties 
1.3.2.1 Optical Properties 
The UV-Visible absorption spectra for the title compounds are shown in figure 2. 
To ensure that the absorptions are due to intrinsic properties of the molecules rather than 
aggregation, a concentration study was performed. All compounds followed Beer’s law 
in CHCl3 solutions in the concentration range used (10-6 M to 5 x 10-6 M). From the 
Beer’s plot, the molar absorptivity values were calculated (Table 1.1).  
 
Figure 1.2. UV-Vis spectra of system I.  
 
All compounds showed λmax at ca. 420 nm and the molar absorptivities at λmax 
were in the range of ca. 40,000–80,000 M-1 cm-1. In addition to λmax at ca. 420 nm, CN-
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PA and PA-PY showed small shoulders at ca. 450 nm and ca. 446 nm, respectively. A 
more pronounced shoulder was observed for PA-PYZ at ca. 460 nm. In the case of PA-
BTD-Br and PA-BTD-TIPSA, additional peaks at 525 nm and 598 nm, respectively, 
were observed. 
 
Table 1.1. Molar absorbtivity and Fluorescence quantum efficiency of System I.  
 ε (at 420 nm, M-1cm-1) ΦF[a] 
CN-PA 4.3 × 104 0.16 
PA-PY 8.3 × 104 0.11 
PA-PYZ 5.2 × 104 0.2 
PA-BTD-Br 7.0 × 104 NA[b] 
PA-BTD-TIPSA 5.9 × 104 0.03 
[a] Measured with diphenyl anthracene as a standard (ΦF=0.90), excitation at 360 nm.  
[b] Unable to determine accurate efficiency (ΦF < 0.05). 
 
By taking the tangent of the absorption edge, the optical gap (Egap ) was 
estimated, and these values are summarized in Table 2. From PA-PY to PA-BTD-
TIPSA, a significant compression of Egap by 0.78 eV was achieved.  
The emission properties were also characterized in CHCl3. The fluorescence 
maxima of the compounds followed the trend of Egap calculated from UV-Vis absorption 
spectroscopy, with PA-PY showing the shortest and PA-BTD-TIPSA the longest 
wavelength, respectively (Fig. 2). The λem values for PA-PY, CN-PA, and PA-PYZ were 
found to be 505 nm, 534 nm, and 555 nm, respectively when excited at λmax. The 
fluorescence quantum efficiencies for CN-PA and PA-PY measured with 
diphenylanthracene (ΦF = 90%) as the reference were 18 and 12%, respectively. In the 
case of PA-PYZ, the ΦF was significantly reduced to 3%. The λem for PA-BTD-Br were 
red-shifted to 614 nm with a negligible ΦF. PA-BTD-TIPSA showed the most red-
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shifted λem at 616 nm with a small shoulder at ca. 665 nm. The ΦF value for PA-BTD-
TIPSA was found to be 3%. 
1.3.2.2 Electrochemical Properties 
Electrochemical properties of the title compounds were studied using cyclic 
voltammetry (CV) in CH2Cl2 with TBAPF6 (0.1 M) and Ag/AgNO3 in CH3CN as the 
supporting electrolyte and reference electrode solution, respectively. Ferrocene was 
added as an internal reference (6-10 drops of an 8 mM solution in methylene choloride 
was added to each solution). As shown in figure 3, all compounds displayed quasi-
reversible reduction waves, where ipc/ipa is greater than 1, suggesting that the first 
reduction is energetically favored over the subsequent oxidation. In the case of CN-PA, 
PA-PY, and PA-PYZ, one reduction potential was observed whereas PA-BTD-Br and 





Figure 1.3. Cyclic voltammograms of System I. 
 
Using the onset of the first reduction potential, ELUMO was calculated based on the 
ferrocene’s oxidation potential of -4.8 eV with respect to the vacuum level. When 
compared to BP23, CN-PA showed ΔE  !"#$!"# (=E  !"#$!"#  of BP (-3.12 eV) - ELUMO of 
compounds in this work) of 0.31 eV. In the case of PA-PY,  ΔE  !"#$!"# was found to be 0.15 
eV, indicating that the pyridine π-extender (with one imine nitrogen) was less effective 
than two C≡N groups for lowering ELUMO. However, the pyrazine π-extender (with two 
imine nitrogens) in PA-PYZ was more effective in lowering ELUMO than two C≡N 
groups, showing a ΔE  !"#$!"#  of 0.42 eV. An interesting aspect is that ΔE  !"#$!"# of PA-PYZ 
was greater than CN-PA  ΔE  !"#$!"# of PA-PY. Indeed, this result was in good qualitative 
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agreement with the significantly reduced reactivity of 2,3-diaminopyrazine compared to 
that of 2,3-diaminopyridine as described in the synthesis section.  
The most significant LUMO lowering was observed for PA-BTD-Br with ELUMO 
of -3.95 eV (ΔE  !"#$!"#  = 0.83 eV). When Br was replaced by TIPSA (PA-BTD-TIPSA), 
ELUMO was only slightly increased to -3.87 eV. This result demonstrates that a proper 
choice of π-extender can impact ELUMO lowering much more than simply increasing the 
number of imine N’s. 
1.3.3 Theoretical Evaluation 
A computational investigation into the electronic properties of all structurally 
modified systems was carried out and correlated with available experimental data. 
Initially, geometries were optimized at the B3LYP/6-31G* level of theory.49 Next, single 
point calculations (B3LYP/6-31+G*//B3LYP/6-31G*) were run, adding diffuse character 
to the heavy atoms (all atoms except hydrogen) in our systems.  
Results from these calculations are presented in Table 2. Finally, using the same, 
initially optimized geometries, time-dependent (TD)-DFT was employed to determine the 
vertical S0 - S1 electronic transition (S!!"#$%&'(). These calculations agree with the 
experimental trend. All energies were calculated using the Gaussian electronic structure 
suite programs.50 We note that a strong correlation exists between all theoretical methods 
employed and experimental ELUMO and Egap energies. 
The experimental EHOMO value was calculated by subtracting ELUMO (from CV) 
from Egap (from UV-Vis), as we were unable to obtain EHOMO from CV experiments due 
to oxidation difficulties associated with these compounds. Both theoretical and 
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experimental electronic properties are summarized in Table 2 and graphically presented 
in Figure 1.4 for easier visualization of relative EHOMO and ELUMO values.  
 















CN-PA -3.43 -6.01 2.58 -3.05 -6.19 3.14 2.78 
BP[d] -3.12 -5.86 2.74 -2.43 -5.76 3.33 2.98 
PA-PY -3.27 -6.04 2.77 -2.66 -5.83 3.17 2.84 
PA-PYZ -3.54 -5.93 2.39 -2.98 -5.91 2.93 2.63 
CN-PA-
PYZ 
NA NA NA -3.89 -6.27 2.38 2.10 
PA-BTD NA NA NA -3.36 -5.95 2.59 2.30 
PA-BTD-
Br 
-3.95 -6.11 2.16 -3.62 -6.02 2.40 2.12 
PA-BTD-
TIPSA 
-3.87 -5.86 1.99 -3.53 -5.67 2.14 1.90 
[a] from cyclic voltammetry [b] EHOMO=ELUMO-E!"#!"#$%&'. [c] from UV Vis [d] Reference 23 [e] 
B3LYP/6-31+G* [f]E!"#$!"#$ - E!"#"!"#$ . [g] S0→S1 vertical transition. The transitions are all 









Figure 1.4. Graphical representation of electronic properties. 
[a]reference 23,[b] Synthetically  unavailable. Numerical values are 
provided in Table 1.2. 
 
 
In addition, a linear regression analysis was used to compare theoretical and 
experimental ELUMO. As shown in figure 1.5, impressive correlation between theoretical 
and experimental ELUMO was observed, yielding an r2 value of 0.96626. This high level of 
correlation is consistent with our past theoretical and experimental collaboration on 




























































































Figure 1.5. Correlation between ELUMO obtained experimentally and theoretically. 
 
We note that ELUMO is greatly impacted by the types of π-extenders (i.e., pyridine, 
pyrazine, benzothiadiazole, etc.), while EHOMO is not significantly affected. For example, 
when the number of imine nitrogens in the π-extender increased from one (PA-PY) to 
two (PA-PYZ), ELUMO decreased by ca. 0.3 eV. The EHOMO for this system increased 
only by ca. 0.1 eV. These results were found both theoretically and experimentally. 
Significant insight into these findings can be achieved by observing the localization of 
the HOMO and LUMO molecular orbitals, which are situated on different areas of the 
molecular framework (Figure 1.6). These molecular orbital pictures are useful in gaining 
understanding into the electronic properties of our system, and the subsequent changes 
that take place upon structural modification. The orbital diagrams of PA-PY are not 
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presented as they exhibit the same trend as PA-PYZ. In the case of PA-PY, PA-PYZ, 
and PA-BTD-Br, the more electron-rich part of the compound, i.e., phenazine with 
hexadecyloxy substituents, showed significant HOMO orbital coefficients. Meanwhile, 
the LUMO orbital coefficients for these three compounds showed increased values in the 
π-extender section. As a result, ELUMO was influenced more significantly by the electronic 
deficiency of the p-extender. The same trend was observed for CN-PA in which the more 
electron-deficient component is the C≡N peripheral substituent, rather than the π-
extender. It should be noted that theory estimated more EHOMO lowering for C≡N 
substituents (PA-CN and CN-PA-PYZ) than for π-extenders, although the HOMO 
orbital is localized on the phenazine with hexadecyloxy substituents. All molecular 
orbitals were generated using the Spartan electronic structure program.51 Interestingly, we 
found a similar trend with benzothiadiazole (BTD) containing compounds. When PA-
BTD (experimentally unavailable), PA-BTD-Br, and PA-BTD-TIPSA were compared, 
it was clear that the HOMO orbitals of PA-BTD and PA-BTD-TIPSA localized on the 
similar portion of the molecules, producing nearly equivalent EHOMO values. However, 
the HOMO orbital of PA-BTD-TIPSA was heavily localized on the aryleneethynylene 
rather than the phenazine-hexadecyloxy part of the molecule. As mentioned earlier, 
HOMO orbital coefficients localize on the more electron rich part of the molecule. In the 
case of PA-BTD-TIPSA, the aryleneethynylene portion is presumed to be more electron 
rich than the phenazine-hexadecyloxy part due to the presence of the relatively 
electropositive Si. 55 As a result, we observed an increased E!"#"!"#$  of PA-BTD-TIPSA 
relative to PA-BTD-Br by 0.35 eV (0.25 eV experimentally). Additionally, it should be 
noted that E!"#$!"#$  was decreased by 0.26 eV when Br was introduced to BTD due to the 
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electronegative nature of the halogens. When Br was replaced by TIPSA on BTD, the E!"#$!"#$  decrease was 0.17 eV. This finding gives us the possibility of independently 
controlling not only ELUMO but EHOMO as well. Using the knowledge of where LUMO and 
HOMO orbitals are found on the PAs of system I allowed for the smart design of 
compounds presented in Chapter 2 (system II).   
 
 
Figure 1.6. Molecular orbital diagrams of System I: (a) CN-PA, (b) PA-PYZ, (c) PA-
BTD, (d) PA-BTD-Br, and (e) PA-BTD-TIPSA. 
 
1.3.4 Assembly Properties 
The 1D assembly of this series of compounds was first studied using 
organogelation52-54 which is a facile and reproducible way of forming 1D fibers. In cases 
where we were not able to find a gelation solvent for a given compound, a phase transfer 
(PT) method was employed as an alternative way to induce 1D fibers.43 The 
organogelation of each compound was tested using the inverse flow method47 in various 
solvents at various concentrations in a 4 mL scintillation vial (15 mm diameter) and is 
summarized in Table 1.3.  











Table 1.3. Gelation test of System I compounds.  
Solvent CN-BP EBP-Py EBP-PYZ EBP-BTD-Br 
Cyclohexane S Gel (10mM, 45 °C) 
Gel 
(4mM, 37 °C) NS 
Hexane S ppt ppt NS 
toluene S S S ppt 
Ethyl acetate ppt ppt ppt ppt 
THF S S S ppt 
TCE S S Gel (26mM, 34 °C) ppt 
DCE S ppt ppt ppt 
CCl4 S S S ppt 
MeOH NS NS NS NS 
EtOH NS NS NS NS 
Propanol ppt ppt ppt NS 
CH3CN ppt NS NS ppt 
CHCl3 S S S PG 
CDCl3 S S S PG 
a Abbreviations: G, gel; PG, partial gel; ppt, precipitation upon cooling; S, 
soluble after cooling; NS, not soluble. Critical Gel Concentration (CGC) 
followed by Tgel is shown in parentheses.  
 
Among all the compounds, only PA-PY and PA-PYZ were capable of forming 
organogels. PA-PY required a concentration of 10 mM in cyclohexane to form a gel with 
a Tgel of 45 °C, while a lower concentration in cyclohexane was necessary for PA-PYZ 
(4 mM, Tgel =37 °C). Furthermore, PA-PYZ also gelled in 1,1,1-trichloroethane at a 
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concentration of 26 mM (Tgel = 34 °C). Meanwhile, CN-PA did not form a gel in the 
solvents tested, however it was successfully assembled by the PT method using 
methylene chloride and methanol as a good and poor solvent, respectively. In the case of 
compound PA-BTD-Br, only a partial gel was obtained in CHCl3 or CDCl3.  
The macroscale morphology of the self-assembled clusters was initially 
investigated using an optical microscope. As shown in Figure 1.7, straight 1D fibers were 
clearly observed for CN-PA which was assembled by the PT method. Xerogels of PA-
PY and PA-PYZ (from cyclohexane gels) showed rather flexible fibers, while PA-BTD-
Br (from partial gel in CHCl3) showed straight fibers. All of the fibers had a thickness of 
roughly a few hundred nanometers.  
 
 
Figure 1.7. Polarized Optical Microscopy of (a) CN-PA from PT; (b) PA-PY 
(10 mM cyclohexane gel); (c) PA-PYZ (26 mM TCE gel); (d) PA-BTD-Br 
(4 mM CHCl3 partial gel). 
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To investigate the microscale morphology, the assembled fibers were 
characterized by non-contact mode atomic force microscopy (NC-AFM). As shown in 
Figure 1.8, AFM images clearly illustrate the fiber morphology similar to the results 
obtained from the optical microscope characterization. The fibers of CN-PA formed from 
the PT assembly showed straight, rigid fibers with a width of ca. 1 µm (Figure 1.8a and 
e). Dried gels of PA-PY and PA-PYZ exhibited thinner fibers with widths of ca. 200 nm 
for PA-PY (Figure 1.8b and f) and ca. 300–400 nm for PA-PYZ (Figure 1.8c and g).  
 
 
Figure 1.8 AFM images of (a and e) CN-PA assembled by the PT method 
(2 mL of 1 mM methylene chloride solution/2 mLMeOH); (b and f) 
cyclohexane gel of PA-PY (10 mM) dispersed in hexane; (c and g) 
xerogel from cyclohexane gel of PA-PYZ (4mM); (d and h) partial gel of 
PA-BTD-Br from CHCl3 (4 mM). Image size: (a) 20 µm × 20 µm, (b) 10 
µm ×10 µm, (c) 20 µm × 20 µm, (d) 50 µm × 50 µm, (e) 10 µm ×10 µm, 
(f) 1 µm ×1 µm, (g) 5 µm ×5 µm, and (h) 5 µm ×5 µm. 
 
It should be noted that the fiber sample of PA-PY was prepared by dispersing a 
cyclohexane gel (10 mM) in hexane. This process was required because of the dense 
bundling of fibers, which hampered characterization of isolated fibers. The fibers of PA-
BTD-Br from the partial gel were ca. 1–2 µm in width (Figure 1.8d and h). Interestingly, 
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despite the presence of the bulky triisopropylsilyl group, PA-BTD-TIPSA formed short 
needles rather than 1D fibers (not shown). Although we attempted to solve the structure 
by single crystal X-ray diffraction, we were able to obtain only a partial crystal structure 
in which π-cores were arranged in an antiparallel fashion (Figure 1.9).  
 
Figure 1.9 Partial crystal structure of PA-BTD-TIPSA. 
 
 
The absorption behavior of the fibers were further characterized and compared 
with those in the solution state. Figure 1.9 shows the UV-Vis spectra of compounds PA-
PY and PA-PYZ, respectively, as the gel and solution state in cyclohexane. Note that the 
dilute solutions of PA-PY and PA-PYZ in cyclohexane exhibited more structured 
absorption characteristics compared to those in CHCl3. These solvent-dependent spectral 
differences were not caused by molecular aggregation. This hypothesis was verified by 
both concentration studies and variable temperature UV-Vis absorption spectroscopy. 
The concentration study in cyclohexane showed that the absorptions followed Beer’s law. 
In addition, the absorption spectra at room temperature were identical to those at 60 °C. 
In both cases, spectra in the gel states showed clear redshifts in the absorption maxima 
compared to those in the solution state. The cyclohexane solution of PA-PY showed λmax 
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at 418 nm and a shoulder at 441 nm. These peaks were red-shifted to 432 nm and 455 
nm, respectively, in the gel state. A similar trend was observed from compound. The λmax 
at 416 nm and the shoulder at 468 nm in the solution state red-shifted to 429 nm and 484 
nm, respectively, in the gel state. These results strongly suggest that the fibrillation 
during the gelation process is driven by π–π interactions. Note that we were unable to 
obtain reasonable absorption spectra for the fibers from CN-PA and PA-BTD-Br 
because of their larger fiber size.  
  
Figure 1.10. UV Vis spectra of (a) PA-PY and (b) PA-PYZ in the gel and solution state. 
 
1.4 Conclusions 
A series of pyrazine-acenes fused with electron-withdrawing π-extenders, 
including pyridine, pyrazine, and benzothiadiazole have been successfully synthesized 
and characterized. Electronic properties have been characterized using UV Vis 
spectroscopy and cyclic voltammetry which revealed that these π-extenders are effective 
in controlling ELUMO specifically.  
The comparison of CN-PA and PA-PYZ revealed that C=N function is slightly 
more effective in lowering ELUMO than C≡N. From PA-PY to PA-PYZ, we found that 
ELUMO was reduced by 0.27 eV, showing the effect of the increased number of C=N 
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functions. The most profound effect was seen when BTD was used as a π-extender. A 
decrease in ELUMO of 0.83 eV was observed in PA-BTD-Br compared to that of BP. 
Unlike other compounds, the introduction of electron donating Si in PA-BTD-TIPSA 
produced a slightly increased EHOMO, by 0.25 eV, compared to that of PA-BTD-Br, while 
still having a low ELUMO of -3.87 eV. 
Examination molecular orbitals allowed for a visualization of the π-extenders 
effects on ELUMO and EHOMO. In the case of the LUMO, the orbitals were localized on the 
more electron deficient portion of the molecule including the π-extenders. Conversely, 
the HOMO orbitals were found to localize on the more electron-rich portion of the 
molecule away from the π-extenders. Therefore, the electron-withdrawing ability of π-
extenders reflected more on the ELUMO than EHOMO.  
 Additionally, nearly all compounds assembled into 1D fibrilar structures through 
either gelation or a PT assembly method despite their large π-cores. A partial crystal 
structure of PA-BTD-TIPSA showed an anti-parallel packing structure.   
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CHAPTER 2  
COMPRESSION OF Egap USING A DONOR-ACCEPTOR SYSTEM  
2.1 Introduction 
Low bandgap materials have been of particular interest on the development of 
intrinsically conductive materials56 and most recently utility in organic solar cells.3-5,57-59.  
A low band gap was observed for polyisothianaphthene, which was 1 eV, was 
ascribed to the contribution of quinoidal structure in the ground state.60,61,65  Many 
examples of this structure have been reported, and have shown impressively low Egap. 
This method, however, does not provide independent control over both EHOMO and 
ELUMO.65,67,68 
A more common approach to producing low band gap materials is the use of a 
donor-acceptor system which utilizes a structure containing an alternating electron-donor 
and electron-acceptor.67 The motivation behind this method is the use of a structure 
containing units having a low-ionization potential (increased EHOMO) and units having a 
large electron affinity (decreased ELUMO). Hybridization of EHOMO and ELUMO of each the 
donor, and the acceptor units lead to an overall compression of Egap. Theoretical studies 
on donor-acceptor systems have revealed that LUMO orbitals primarily lie on the 
acceptor portion of the molecule, and HOMO orbitals are delocalized throughout the 
entire molecule.68 Such delocalization of HOMO orbitals has been found to be 
significantly affected by the torsional (dihedral) angle between the donor and acceptor 
units.68-73 
Due to the large variety of donor and acceptor units available, multiple examples 
of donor-acceptor polymers have been reported.3-5,68-75  Use of electron-rich thiophene as 
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the donor unit is very common.70,75,78-82  Although formation of a thin film may be more 
challenging, small molecule donor-acceptor systems have recently emerged as attractive 
materials.57,76-77 Benefits such as synthetic reproducibility and the ability to self-assemble 
into ordered structures have encouraged more studies on small-molecule systems.   
For system II, a series of donor-acceptor small-molecules have been designed 
based on pyrazine-acene (PA) as the acceptor, and thiophene (TH) as the donor. (Figure 
2.1)  A comparison between two base PA π-cores, phenazine and bisphenazine will be 
described. As observed in system I (Chapter 1), extension of the π-core with an electron-
deficient thiadiazole (TD) unit dramatically lowered ELUMO of a bisphenazine based core. 
Using this knowledge, we also synthesized phenazine and bisphenazine π-cores that have 
been extended with a TD unit to further enhance the electron-deficiency of the acceptor 






Figure 2.1. Low Egap compounds based on a thiophene donor and 
pyrazine-acene (PA) acceptor (system II). 
 
To better understand the role of the dihedral angle in EHOMO control, a compound 
containing a methylated thiophene is also presented. The presence of the bulky methyl 
group serves to disrupt the planarity of the molecule. A simplified system with truncated 
solubilizing groups was subjected to extensive theoretical evaluation to more thoroughly 
explain the role of the dihedral angle.  
An additional thiophene has also been added to a TD extended phenazine to 















































Additionally, the type of solubilizing group (alkoxy vs. alkyl) is also evaluated for 
phenazine based compounds.  
To test the ability to self-assemble into ordered structures, cast-films and phase 
transfer assembly were implemented for the small molecules presented.  
2.2 Experiments 
2.2.1 Instrumentation 
Nuclear magnetic resonance (NMR) spectra were obtained with a Varian Gemini 
400 MHz NMR spectrometer at room temperature. Deuterated chloroform (CDCl3) 
containing tetramethylsilane (TMS) as an internal reference was used as the solvent for 
both 1H NMR and 13C NMR. Elemental Analysis was carried out by Atlantic Microlab, 
inc. Mass spectra were collected at the University of Illinois, Chicago. Optical properties 
of the molecules were obtained with Shimadzu UV-2600 UV-visible spectrophotometer 
and Horiba Fluorimeter using a xenon lamp excitation source for absorption and 
fluorescence emission, respectively. Electrochemistry measurements were performed 
with CV on a CH instrument 660D with a three electrode configuration, with a cell 
equipped with a platinum plate as the counter electrode, a platinum disc as the working 
electrode (2 mm diameter), and a non aqueous Ag/Ag+electrode (Ag in 10 mM AgNO3 
solution in anhydrous acetonitrile) as the reference electrode. CV measurements for all 
compounds were recorded in a methylene chloride solution containing 0.1 M 
tetrabutylammonium hexafluorophosphate (TBAPF6) as the supporting electrolyte. All 
solutions were purged with Ar for 20-30 min before each experiment, and a positive 
pressure of Ar was maintained over the sample solution during the experiments. The scan 
rate was ν = 100 mV/s for all experiments. All potentials are reported versus the 
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ferrocene/ferrocenium (Fc/Fc+) redox couple which was used as an internal standard 6-10 
drops of an 8 mM solution in methylene chloride). TEM experiments were performed 
using a Tecnai G2 F30 S-Twin TEM with a 300 KeV Schottky field emission gun. 
Samples were prepared as described in Figure 2.10, and gently dropped onto a Lacey 
Formvar/Carbon, 200 mesh copper grid using a pipette and allowed to air dry while kept 
covered in a glass petri dish.  
2.2.2 Synthetic Procedures 
All chemicals were purchased from commericial sources and used as received 
without further purification. The diketophenazine intermediate45, 5,6-diamino-4,7-
dithien-2-yl-2,1,3-benzothiadiazole82, 3,6-di-thiophen-2-yl-benzene-1,2-diamine69, 3-
methyl-2-tributylstannylthiophene83, 4,7-dibromo-5,6-dinitro-benzo[1,2,5]thiadiazole3, 
4,5-Bis-decyl-benzene-1,2-diol84, and 5-(tributylstannyl)-2,2-bithiophene85 were prepared 
according to previously published procedures.  
P-TH-OC10 0.461 mmol dibromo-phenazine86 was added to a round bottom 
flask containing 1 mol% PdCl2(PPh3)2. 15 mL of THF degassed with nitrogen was added 
to the reaction flask followed by 1.01 mmol 2-(tributylstannyl)thiophene. Reflux under 
nitrogen, overnight. An additional 4 mol % of Pd catalyst was added to the reaction 
mixture which was then allowed to stir, refluxing overnight. The resulting solution was 
evaporated onto silica gel allowing the pure product to be obtained by silica gel 
chromatography (20 % CH2Cl2 in hexane) providing 66 % yield. 1H NMR (400 MHz, 
CDCl3, ppm): δ 8.11 (2H, s), 7.96 (2H, dd, J=2.4 Hz), 7.54 (2H, dd, J=4.4 Hz), 7.43, (2H, 
s), 7.20 (2H, dd, J=3.6 Hz), 4.27 (4H, t, J=6.8 Hz), 1.89 (4H, m), 1.54-1.25 (28H, 
overlapping peaks), 0.89 (6H, t, J=6.8 Hz) 13C  (100 MHz, CDCl3, ppm) : 154.67, 
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140.65, 139.47, 138.51, 131.18, 128.12, 126.71, 126.58, 125.99, 105.66, 69.33, 31.94, 
29.65, 29.59, 29.40, 29.38, 28.86, 26.07, 22.71, 14.13. [M+H]+: Calcd: 656.4 Found: 
657.4 
4,5-bis-decyl-[1,2]benzoquinone 0.998 mmol 4,5-Bis-decyl-benzene-1,2-diol 
was placed in a 20 mL vial containing 5.99 mmol of sodium sulfate. 15 mL of CHCl3 was 
added to the vial followed by 2.99 mmol of Silver oxide. The reaction vial was quickly 
covered to exclude light, and stirred for 1 hour, under nitrogen. The resulting solution 
was passed through a 0.2 µm PTFE filter directly into the reaction flask for the 
subsequent cyclization reaction without further characterization or purification.  
P-TH-C10 6 mL of acetic acid was put into a round bottom flask containing 
0.499 mmol of 3,6-di-thiophen-2-yl-benzene-1,2-diamine. 0.499 mmol of 4,5-bis-decyl-
[1,2]benzoquinone in 8 mL CHCl3 was added into the reaction flask. An additional 11 
mL of CHCl3 was added. The reaction mixture was refluxed under nitrogen for 1 hour. 
The resulting solution was extracted into chloroform and washed with 5% NaOH, then 
water and dried over sodium sulfate. Column chromatography (10 % CH2Cl2 in hexane) 
provided the pure compound in 36% yield. 1H NMR (400 MHz, CDCl3, ppm): δ 8.16 
(2H, s), 8.10 (2H, s), 7.99 (2H, dd, J=1.2 Hz), 7.55 (2H, dd, J=1.2 Hz), 7.23, (2H, dd, J= 
3.6 Hz), 2.90 (4H, t, J=8.0 Hz), 1.80 (4H, m), 1.54-1.25 (28H, overlapping peaks), 0.88 
(6H, t, J=7.0 Hz) 13C (100 MHz, CDCl3, ppm): 146.26, 141.41, 139.85, 139.20, 131.68, 
128.45, 127.42, 126.73, 126.68, 33.18, 31.91 30.53, 29.81, 29.64, 29.62, 29.56, 29.35, 




BP-TH-OC16 4 mL of acetic acid was put into a round bottom flask containing 
0.330 mmol of 3,6-di-thiophen-2-yl-benzene-1,2-diamine, and 0.275 mmol of 
diketophenazine in 12 mL CHCl3 was added into the reaction flask. The reaction mixture 
was refluxed under nitrogen for 1 hour. The resulting precipitate was filtered and washed 
with water and methanol. Column chromatography (CHCl3) provided the pure compound 
in 64% yield. 1H NMR (400 MHz, CDCl3, ppm) δ 10.04 (2H, d, J=2.0 Hz), 9.77 (2H, d, 
J=2.4 Hz), 8.30 (2H, s), 8.00 (2H, dd, J=1.2 Hz), 7.69, (2H, dd, J=1.0 Hz), 7.63 (2H, s), 
7.31 (2H, J=2.6 Hz), 4.33 (4H, t, J=6.6 Hz), 2.02 (4H, m), 1.79 (18H, s), 1.61 (4H, m), 
1.49-1.26 (44H, overlapping peaks), 0.88 (6H, t, J=6.8 Hz) 13C NMR was unable to be 
performed due to poor solubility at concentrations required for 13C NMR measurements. 
Elemental Analysis: Calculated: C, 78.44; H, 8.49; N, 4.81; S, 5.51 Found: C, 78.49; H, 
8.59; N, 4.75; S, 5.37. 
TD-P-TH-C10 5 mL of acetic acid was put into a round bottom flask containing 
0.385 mmol of 5,6-diamino-4,7-dithien-2-yl-2,1,3-benzothiadiazole. 0.385 mmol of 4,5-
bis-decyl-[1,2]benzoquinone in 5 mL CHCl3 was added into the reaction flask. An 
additional 10 mL of CHCl3 was added. The reaction mixture was refluxed under nitrogen 
for 1 hour. The resulting solution was extracted into CHCl3, and washed with NaHCO3, 
then water and dried over sodium sulfate. Column chromatography (CH2Cl2) followed by 
precipitation from CH2Cl2 into methanol provided the pure compound in 58% yield. 1H 
NMR (400 MHz, CDCl3, ppm) δ 9.12 (2H, d, J=3.6 Hz), 7.97 (2H, s), 7.73 (2H, d, J=5.2 
Hz), 7.36 (2H, t, J=4.4 Hz), 2.87 (4H, t, J=7.6 Hz), 1.81 (4H, m), 1.54-1.25 (28H, 
overlapping peaks), 0.89 (6H, t, J=6.6 Hz) 13C (100 MHz, CDCl3, ppm) 151.06, 148.13, 
143.17, 136.94, 136.90, 133.33, 131.64, 126.92, 120.91, 105.02, 33.31, 31.93, 30.30, 
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29.82, 29.66, 29.65, 29.58, 29.36, 22.70, 14.31.  Elemental Analysis: Calculated: C, 
70.34; H, 7.38; N, 8.20; S, 14.08 Found: C, 69.86; H, 7.27; N, 8.05; S, 13.75. 
TD-BP-TH-OC16 To a round bottom flask containing 0.303 mmol of 
diketophenazine, CHCl3 (12 mL) and acetic acid (4 mL) were added. 0.363 mmol of 5,6-
diamino-4,7-dithien-2-yl-2,1,3-benzothiadiazole was added to the flask lastly. The 
resulting solution was stirred, under a nitrogen atmosphere, at 90°C for 18 hours. 
Precipitates obtained after cooling the reaction solution were filtered and rinsed with 
NaHCO3, H2O and methanol. The crude product was attached to neutral alumina, and 
washed with CH2Cl2 through a column and then recovered by filtering the attached 
alumina with hot chloroform to provide a yield of 92% 1H NMR (400 MHz, CDCl3, ppm) 
δ 9.98 (2H,s), 9.74 (2H, s), 9.10 (2H, d, J=3.6 Hz), 7.81 (2H, d, J=5.2 Hz), 7.61 (2H, s), 
7.43 (2H, t, J=4.2 Hz), 4.33 (4H, t, J=6.4 Hz), 2.02 (4H, m), 1.79 (18H, s), 1.61 (4H, m), 
1.49-1.26 (44H, overlapping peaks), 0.88 (6H, t, J=6.6 Hz)  13C NMR was unable to be 
performed due to poor solubility at concentrations required for 13C NMR measurements. 
Elemental Analysis: Calculated: C, 74.71; H, 7.92; N, 6.88; S, 7.87 Found: C, 74.71; H, 
7.75; N, 6.85; S, 7.81. 
4,7-bis-(3-methyl-thiophen-2-yl)-5,6-dinitro-benzo[1,2,5]thiadiazole To a 
round bottom flask containing 5.70 mmol of 3-methyl-2-tributylstannylthiophene, 1.90 
mmol of 4,7-dibromo-5,6-dinitro-benzo[1,2,5]thiadiazole was added. 10 mL of degassed 
THF was added, followed by 3 mol% PdCl2(PPh3)2. The solution was refluxed under 
nitrogen for 24 hours. Column chromatography (30% CH2Cl2 in hexane) gave the desired 
product in 55% yield. 1H NMR (400 MHz, CDCl3, ppm) δ 7.57 (2H, d, J=5.2 Hz), 7.07 




mmol of iron powder was put in a round bottom flask containing 1.05 mmol 4,7-bis-(3-
methyl-thiophen-2-yl)-5,6-dinitro-benzo[1,2,5]thiadiazole in 20 mL acetic acid. The 
solution was stirred, under nitrogen at 90°C for 5 hours. The mixture was poured into 
water, and the product was extracted into ether, washed with NaHCO3, and dried over 
MgSO4. After drying, a gold solid was obtained and used without further purification. 1H 
NMR (400b MHz, CDCl3, ppm) δ 7.48 (2H, d, J=5.2 Hz), 7.10 (2H, d, J=5.2 Hz), 4.13 
(4H, s), 2.14 (6H, s)  
TD-P-MeTH-C10 13 mL of acetic acid was put into a round bottom flask 
containing 1.05 mmol of 4,7-bis-(3-methyl-thiophen-2-yl)-5,6-diamino-
benzo[1,2,5]thiadiazole. 1.05 mmol of 4,5-bis-decyl-[1,2]benzoquinone in 16 mL CHCl3 
was added into the reaction flask. An additional 20 mL of CHCl3 was added. The reaction 
mixture was refluxed under nitrogen for 1 hour. The resulting solution was extracted into 
CHCl3, and washed with NaHCO3, then water and dried over sodium sulfate. Column 
chromatography (40% methylene chloride in hexane) provided the pure compound in 
65% yield. 1H NMR (400 MHz, CDCl3, ppm) δ 7.82 (2H, s), 7.67 (2H, d, J=4.8 Hz), 7.22 
(2H, d. J=5.2 Hz), 2.80 (4H, t, J=7.8 Hz), 2.19 (6H, s), 1.75 (4H, M), 1.45-1.28 (28H, 
overlapping peaks), 0.88 (6H, t, J=6.6 Hz) 13C (100 MHz, CDCl3, ppm) δ 152.58, 148.03, 
144.66, 139.50, 139.17, 130.52, 130.35, 127.58, 127.49, 123.99, 33.17,31.92, 30.06, 
29.77, 29.63, 29.59, 29.54, 29.35, 22.70, 16.35, 14.12.  [M+H]+: Calcd: 710.35 Found: 
711.5 
4,7-Bis-[2,2']bithiophenyl-5-yl-5,6-dinitro-benzo[1,2,5]thiadiazole 0.781 mmol 
4,7-dibromo-5,6-dinitro-2,1,3-benzothiadiazole was added to a round bottom flask 
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followed by 1 mol% PdCl2(PPh3)2. 1.64 mmol of 5-(tributylstannyl)-2,2-bithiophene was 
diluted in 6 mL degassed THF and added to the reaction flask via syringe. This reaction 
mixture was refluxed for 24 hours. The resulting solution was evaporated and the solid 
was washed with methanol and hexane. Column chromatography (methylene chloride) 
provided the product in 72% yield. 1H NMR (400 MHz, CDCl3, ppm) δ 7.46 (2H, d, J= 
3.6 Hz), 7.34 (4H, d, J=4.4 Hz), 7.28 (2H, d, J=4.0 Hz), 7.08 (2H, m). 13C NMR not 
performed due to limited solubility.  
4,7-Bis-[2,2']bithiophenyl-5-yl-5,6-diamino-benzo[1,2,5]thiadiazole 2.17 mmol 
of iron powder was put in a round bottom flask containing 0.180 mmol 4,7-Bis-
[2,2']bithiophenyl-5-yl-5,6-dinitro-benzo[1,2,5]thiadiazole in 10 mL acetic acid. The 
solution was stirred, under nitrogen at 90°C for 5 hours. The mixture was poured into 
water, and the product was extracted into ether, washed with NaHCO3, and dried over 
MgSO4. After drying, a gold solid was obtained and used without further purification or 
characterization.  
 TD-P-diTH-C10 2 mL Acetic acid was added to a round bottom flask 
containing 0.180 mmol 4,7-Bis-[2,2']bithiophenyl-5-yl-5,6-diamino-
benzo[1,2,5]thiadiazole. 0.180 mmol of 4,5-bis-decyl-[1,2]benzoquinone in 8 mL CHCl3 
was added into the reaction flask. The solution was refluxed under nitrogen overnight. 
The resulting precipitates were filtered and washed with methanol, ethyl acetate, and 
hexane. Column chromatography provided the pure compound in 30% yield. 1H NMR 
(400 MHz, CDCl3, ppm) δ 9.08 (2H, d, J=4.4 Hz), 7.89 (2H, s), 7.45 (2H, d, J=3.6 Hz), 
7.36 (2H, d, J=4.0 Hz), 7.33 (2H, d, J=5.2 Hz), 7.14 (2H, m), 2.84 (4H, t, J=7.8 Hz), 1.82 
(4H, m), 1.56-1.29 (28H, overlapping peaks), 0.89 (6H, t, J=6.8 Hz). 13C NMR was not 
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performed due to limited solubility. Elemental Analysis: Calculated: C, 68.04; H, 6.42; 
N, 6.61; S, 18.92 Found: C, 67.90; H, 6.31; N, 6.62; S, 18.92. 
2.2.3 Cast film preparation 
A diluted solution of each compound was used to produce cast films. The solution 
was drop cast onto a clean glass slide for POM studies and allowed to slowly dry while 
undisturbed.  
2.2.4 Precipitation 
A concentrated solution compound CHCl3 is heated until homogeneous. While 
cooling to room temperature, solids come out of solution. In comparison to 
recrystallization, this should be a relatively fast process.  
2.2.5 Phase Transfer Assembly 
A binary solvent system with methylene chloride and methanol was used for PT 
assembly of TD-BP-TH-OC16. All solvents were filtered through a 0.2 µm PTFE filter 
before each experiment. Each compound was dissolved in methylene chloride and filtered 
into a clean 20 mL screw cap vial. Filtered methanol was slowly added so that two phases 
could be maintained. The mixture was left undisturbed overnight to promote 1D 
assembly. A variety of concentrations were tested as well as various volume ratios of 
methylene chloride/methanol.  
2.3 Results and Discussion 
2.3.1 Synthesis 
The synthetic routes to the target molecules are summarized in Scheme 2.1. In 
general, the thiophene-pyrazine-acenes were prepared via two approaches: (1) a 
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condensation reaction between a thiophene containing diamine with a diketo compound 
or (2) Stille coupling between a dibromopyrazine-acene and a stannylated thiophene. 
 










































(a) Synthesis of P-TH-OC10
(b) Synthesis of P-TH-C10




















































































(d) Synthesis of TD-P-TH-OC10
(e) Synthesis of TD-P-TH-C10
(f) Synthesis of TD-P-MeTH-C10





Scheme 2.1(c).  Synthetic routes to the target PA-TH molecules. 
 
Stille coupling between 1,4-dibromo-7,8-bis(decyloxy)phenazine (1) and 2-
(tributylstannyl)thiophene with a catalytic amount of PdCl2(PPh3)2 afforded P-TH-OC10 
with a yield of 74%.  Meanwhile, P-TH-C10 was prepared by a condensation reaction 
between 1,2-diamino-3,6-dithien-2-ylbenzene (2) and highly reactive 4,5-bis-decyl-
[1,2]benzoquinone (3).  A Stille coupling between the dibromobisphenazine 4 and 2-
(tributylstannyl)thiophene to prepare BP-TH-OC16 was unsuccessful due to the presence 
of inseparable impurities.  Alternatively, a condensation reaction between the diamine 2 
and diketophenazine 5 was successful to afford 64% yield. 
To prepare TD-P-TH-OC10, two approaches were tested: (i) a reaction between 
5,6-diamino-4,7-dithien-2-yl-2,1,3-benzothiadiazole (6) and 2,5-dihydroxy-1,4-
benzoquinone followed by a Williamson ether synthesis with bromodecance and (ii) a 
cyclization between 5,6-diamino-4,7-dibromo-2,1,3-benzothiadiazole and 2,5-dihydroxy-


















































Stille coupling with 2-(tributylstannyl)thiophene.  However, both approaches were 
unsuccessful and therefore, we were unable to synthesize TD-P-TH-OC10.  
Alternatively, when diamine 6 was reacted with diketone 3, TD-P-TH-C10 (with decyl 
rather than decyloxy substituents) was successfully prepared with a yield of 58%.   
To synthesize TD-P-MeTH-C10, 3-methyl-2-tributylstannylthiophene was 
reacted with 4,7-dibromo-5,6-dinitro-2,1,3-benzothiadiazole under a Stille coupling 
condition with PdCl2(PPh3)2 and then the resulting dinitro product was reduced to over Fe 
to afford diamine 7.  A condensation of diamine 7 and diketone 3 produced TD-P-
MeTH-C10 in 65% yield as a viscous green liquid.  Finally, TD-BP-TH-OC16 was 
obtained from a condensation of diamine 6 with diketophenazine 5.  
Bromination of TD-P-TH-C10 with NBS was successful in giving TD-P-THBr-
C10, however, subsequent coupling reactions failed. Suzuki coupling was attempted 
using 2-thienylboronic acid without giving the desired product. Similarly, Stille coupling 
with 2-(tributylstannyl)thiophene failed to provide TD-P-diTH-C10. As shown in route 
2, Stille coupling between 4,7-dibromo-5,6-dinitro-2,1,3-benzothiadiazole and 5-
(tributylstannyl)-2,2-bithiophene was attempted, and successfully gave the desired dinitro 
intermediate, which was reduced to give diamine 8. Cyclization of this diamine with 
diketone 3 gave TD-P-diTH-C10 in 30% yield.  
2.3.2 Physical Properties 
2.3.2.1 Optical Properties 
The CHCl3 solutions of the PA-TH molecules exhibited a wide range of color 
from yellowish orange to green. An early interesting comparison can be made from this 
color pattern between the smaller and larger π-cores (P-TH-OC10 / P-TH-C10 versus 
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BP-TH-OC16 and TD-P-TH-C10 / TD-P-MeTH-C10 versus TD-BP-TH-OC16).  
Interestingly and unexpectedly, thiophene-pyrazine-acenes with smaller π-cores showed 
longer wavelength absorbing colors than their larger versions. 
 
 
Figure 2.2. Chloroform solutions (from left to right) of  P-TH-OC10, P-TH-C10, BP-
TH-OC16, TD-P-TH-C10, TD-P-CH3TH-C10, TD-P-diTH-C10 and TD-BP-TH-
OC16.  
 
The UV-Vis spectra of system II PA-THs showed absorptions characteristic to 
the PA π-cores (ca. 400 – 420 nm) and additional peaks at longer wavelengths which are 
presumed to be due to the extension of π-conjugation by addition of thiophene 
substituents. P-TH-OC10 showed two major absorptions at 405 nm and 465 nm.  When 
the decyloxy side groups were replace by decyl side groups (P-TH-C10), the peak at 405 
nm was blue-shifted to 385 nm, while the peak at 465 nm was red-shifted to 485 nm.  
This is a notable change considering the minimal structural change in these two 
compounds.  Despite having a larger PA core, BP-TH-OC16 did not show a discernible 
second absorption.  TD-P-TH-C10 showed quite an interesting absorption behavior.  The 
absorption from the π-core at 405 nm did not change when compared to P-TH-OC10, the 
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second absorption was shifted to 745 nm. When the thiophene was substituted with 
methyl group (TD-P-MeTH-C10), the second absorption was blue-shifted to 625 nm.  
This is hypothesized to be due to the steric hindrance caused by the methyl substituents 
which may force the thiophene out-of-plane with respect to the P core. When an 
additional thiophene unit is added to the TD-P-TH-C10 based core, TD-P-diTH-C10, a 
dramatic shift (from 745 nm to 880 nm) in the second absorption maximum was 
observed. The compound with the largest π-core (TD-BP-TH-C16) exhibited λmax at 678 
nm which is still shorter than that of TD-P-TH-C10 which has a smaller π-core.   
From the tangent of the absorption edge of the UV Vis spectrum, Egap can be 
calculated. These values are summarized in Table 2.2. With the substitution of alkoxy (P-
TH-OC10) side groups to alkyl (P-TH-C10) side groups a difference in Egap of 0.09 eV 
was observed. Interestingly, the Egap of BP-TH-OC16 was nearly identical to that of P-
TH-OC10 (2.27 eV and 2.28 eV, respectively). Significant compression was observed 
when the PA core was extended with by the TD moiety. In the case of TD-BP-TH-
OC16, an Egap of 1.55 eV was calculated. This is significantly decreased compared to the 
Egap of BP-TH-OC16 with a difference of 0.72 eV. Furthermore, the smaller P systems 
containing a TD unit showed even more significant compression of Egap. TD-P-TH-
C10’s Egap was calculated to be 1.43 eV, however, with the introduction of the bulky 
methyl substituent (TD-P-MeTH-C10) an increase in Egap of 0.27 eV was observed. A 
more thorough evaluation of this observation is discussed in section 2.3.3. The most 
significant compression of Egap to 1.21 eV was obtained when an additional thiophene 




Figure 2.3.  UV-Vis spectra of the system II molecules: (a) P-TH-OC10, (b) P-
TH-C10, (c) BP-TH-OC16, (d) TD-P-TH-C10, (e) TD-P-diTH-C10, (f) TD-P-
MeTH-C10, and (g) TD-BP-TH-OC16 in CHCl3. 
 
The fluorescence of PAs without a TD moiety was significant giving quantum 
yields ranging from 0.17 to 0.29 using diphenylanthracene as the standard.  However, 
TD-PAs did not show noticeable fluorescence.  The molar absorptivity and fluorescence 

























Table 2.1. Molar absorbtivity and Fluorescence quantum efficiency of system II. 
 ε (at λmax, M-1cm-1) ΦF[a] 
P-TH-OC10 2.7 × 104 (405 nm) 0.29 
BP-TH-OC16 6.1 × 104 (423 nm) 0.22 
P-TH-C10 2.1 × 104 (385 nm) 0.17 
TD-P-TH-C10 2.1 × 104 (405 nm) NA[b] 
TD-BP-TH-OC16 8.7 × 104 (419 nm) NA[b] 
TD-P-MeTH-C10 1.7 × 104 (413 nm) NA[b] 
TD-P-diTH-C10 5.7 × 104 (407 nm) NA[c] 
[a] Measured with diphenyl anthracene as a standard (ΦF=0.90), excitation at 360 nm.  
[b] Unable to determine accurate efficiency (ΦF < 0.05) [c] Not measured. 
 
2.3.2.2 Electrochemical Properties 
The electronic properties of the PA-THs are summarized in Table 2.2.  The 
experimental EHOMO (E!"#"!"# ) was obtained by subtracting Egap (from the absorption edge) 
from ELUMO (from CV) due to difficulty in direct characterization using CV. 
When alkyl side chains were used rather than alkoxy side chains, a difference of 
0.15 eV was observed, with P-TH-C10 having a lower ELUMO value. This can be 
attributed to the stronger electron donating effect from oxygen containing alkoxy groups 
in P-TH-OC10, which would lessen the electron deficiency of the acceptor unit.  
It was found that significant decrease in ELUMO was observed from TD-TH-PAs 
when compared to non-TD-TH-PAs. Both P and BP based compounds showed a 
reduction in ELUMO of ca. 0.50 eV with extension of the π-core with TD. An interesting 
finding that deserves a special note is that the lowest ELUMO was from TD-P-diTH-C10 
(-3.94 eV) rather than TD-BP-TH-OC16 (-3.84 eV) which contains the highest number 
of electron-deficient imine nitrogens.   
For the more electron deficient TD-PAs, an opposite effect, compared to PAs not 
extended with TD, on ELUMO is observed when P is used as the π-core rather than BP. 
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The phenazine based compound, TD-P-TH-C10, decreased ELUMO only slightly (0.06 
eV) than the BP based counterpart. For P-TH-OC10 and BP-TH-OC16, the BP had  
ELUMO lowered by 0.13 eV.  
The effect on ELUMO when an additional thiophene unit is added (TD-P-diTH-
C10) was almost negligible when compared to TD-P-TH-C10, with a difference in 
ELUMO of only 0.04 eV. In this case, it was EHOMO that was more affected by the addition 




Figure 2.4.  Cyclic voltammograms of the PA-THs.  
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Table 2.2. Experimental and theoretical[a] electronic properties of the PA-THs. 
 E!"#$!"#  [b] E!"#"!"#  [c] E!"#!"# [d] E!"#$!"#$  [e] E!"#"!"#$ [e] S!!"#$%&'([f] 
P-TH-OC10 -3.17 eV -5.45 eV 2.28 eV -2.64 eV -5.27 eV 2.29 eV 
P-TH-C10 -3.32 eV -5.51 eV 2.19 eV -2.80 eV -5.33 eV 2.17 eV 
BP-TH-OC16 -3.30 eV -5.57 eV 2.27 eV -2.63 eV -5.48 eV 2.48 eV 
TD-P-TH-
OC10 
NA NA NA -3.46 eV -5.07 eV 1.41 eV 
TD-P-TH-C10 -3.90 eV -5.33 eV 1.43 eV -3.62 eV -5.13 eV 1.31 eV 
TD-P-diTH-
C10 
-3.94 eV -5.15 eV 1.21 eV NA NA NA 
TD-P-MeTH-
C10 
-3.80 eV -5.50 eV 1.70 eV -3.50 eV -5.38 eV 1.60 eV 
TD-BP-TH-
OC16 
-3.84 eV -5.39 eV 1.55 eV -3.43 eV -5.24 eV 1.57 eV 
[a]For theoretical evaluation, side groups were reduced to methoxy for decyloxy / 
hexadecyloxy and methyl for decyl, [b]From CV, [c]E!"#$!"#  - E!"#!"#[d]from UV-Vis, 
[e]B3LYP/6-31G*//B3LYP/6-31+G*, [f]S0→S1 vertical transition. The transitions are all 
one electron with the highest HOMO-LUMO contribution, NA not available. 
 
2.3.3 Theoretical Evaluation 
A more thorough and systematic approach was taken for the theoretical evaluation 
of system II to fully understand the interesting electronic properties observed 
experimentally. First, the relationship between the dihedral angle and EHOMO were 
evaluated. Four molecules (Figure 2.4) were evaluated for the initial theoretical 
evaluation in which alkyl side groups were shortened to methoxy (rather than decyloxy or 




Figure 2.5.  PA-THs used in the theoretical study. 
 
The highest calculated HOMO energies were observed for TD-P-TH-OMe.  We 
note this system’s optimized structure has a dihedral angle between thiophene and the π-
core of 0o, thus producing the maximum π-orbital overlap between the substituents and 
the π-framework as summarized in Table 2.3.   In this system, two attractive forces 
appear to contribute to a stable planar configuration:  i) attraction between the thiophene-
H (Ha) and thiadiazole-N and ii) thiophene-S and pyrazine-N.  It should be noted that the 
nonbonding N⋅⋅⋅S interactions have been verified by previous crystallographic studies on 
TCNQ-TD87 and TTF-oxazoline derivatives.88 Theoretical investigations on 1,2,5-
chalcogenadiazoles also supported such interactions.89  In addition, a complete geometry 
and frequency analysis of TD-P-TH-OMe indicated a slight preference for the 
thiophene-S pointing toward pyrazine in the π-core.  This was supported by the 







































Table 2.3. Dihedral angles of thiophene-pyrazine-acenes with thiophene-S facing 
downward,interacting with pyrazine-N. 
 P-TH-OMe BP-TH-OMe TD-P-TH-OMe TD-BP-TH-OMe 
Dihedral Angle  δ = 14.88
o 
θ = 14.88o 
δ = 26.44o 
θ = - 26.64o 
δ = 0.01o 
θ = 0.01o 
δ = 16.89o 
θ = - 16.89o 
 
The lowest HOMO energy was found for BP-TH-OMe.  Unlike the planar TD-P-
TH system, this molecule’s optimized geometry resulted in a dihedral angle between the 
thiophene and the π-core of ca. 26o (δ = 26.44o, θ = - 26.64o).   Two repulsions exist that 
we hypothesize are responsible for producing the largest dihedral angle of all systems 
studied: i) repulsion between Ha and Hb ii) repulsion between thiophene-S and Hc. 
Interestingly, P-TH-OMe and TD-BP-TH-OMe have nearly the same dihedral 
angles (δ = 14.88o vs δ = 16.89o, respectively), and nearly the same HOMO energies. The 
dihedral angles of these two molecules are in between our two extreme cases of planar 
and 27o, and as well, the HOMO energies of these two systems lie between the highest 
and lowest HOMO energy values.  In each of these systems, we find one attractive force 
competing with a repulsive force.  For P-TH-OMe, we hypothesize that the repulsion 
between Ha and Hb offsets the thiophene-S and pyrazine-N attractive force.  In the case of 
TD-BP-TH-OMe, the repulsion between the thiophene-S and Hc appears to 
counterbalance the attractive forces existing in TD-P-TH-OMe.  These competing 
attractive and repulsive interactions result in two molecules that lack planarity, and that 




The impact of the dihedral angle on the HOMO and LUMO energies was 
investigated in greater detail by computationally determining the energy associated with a 
rotation of one of the thiophene substituents in TD-P-TH-OMe. 
   This analysis was carried out using the computationally expedient B3LYP/6-
31G* level of theory with the focus on the relative energy difference rather than absolute 
values upon the rotation of the thiophene. We started with the optimized geometry for 
TD-P-TH-OMe, and commenced rotation of one thiophene, collecting single point 
energies at every 15o increment.  As shown in Figure 2.6, the LUMO energy was 
unaffected by this rotation, while the HOMO energy decreased as the dihedral angle 
increased.  The Egap at 90o was 0.37 eV higher than that at 0o.  The major contribution to 
this Egap increase was EHOMO decrease by 0.34 eV while ELUMO was increased only by 0.03 
eV.  This computational result can be effectively illustrated by noting the specific 
localization of the HOMO and LUMO orbitals on TD-P-TH-OMe.  Increased HOMO 
orbital coefficients are found on the more electron-rich thiophene-benzene-thiophene 
portion of the molecules, while the LUMO orbital coefficients are not significantly found 
on the thiophene.  Note that the similar orbital localization has been observed in past 
computational studies.68 The large HOMO orbital distribution on thiophene impacts the 
energy, which is significantly lowered upon out-of-plane thiophene rotation.   In all of 





Figure 2.6. EHOMO and ELUMO as a function of dihedral angle between 
thiophene and TD-P-TH-OMe calculated by B3LYP/6-31G*. 
 
 
Interestingly, ELUMO for P-TH-OMe and BP-TH-OMe were nearly identical.  The 
addition of TD on both systems (TD-P-TH-OMe and TD-BP-TH-OMe) significantly 
lowered ELUMO by approximately 0.8 eV in both cases.   An inspection of the LUMO 
orbital for P-TH-OMe and BP-TH-OMe showed localization on the same region of the 
molecule, i.e., P portion of both molecules (Figure 2.7).  A similar orbital localization 
trend was found in TD-P-TH-OMe and TD-BP-TH-OMe, whereby LUMO coefficients 
also distributed on the TD, resulting in a lower energy when compared to the non-TD 
substituted version.  This computational finding is consistent with the well-known, 
electron withdrawing nature of TD.    We note that the previous discussion of planarity 
has no bearing on the LUMO energy of our systems, primarily because the thiophenes 
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Figure 2.7. Orbital diagrams of HOMO and LUMO: (a) P-TH-OCH3, (b) TD-P-
TH-OCH3, (c) BP-TH-OCH3, and (d) TD-BP-TH-OCH3. 
 
 
In addition to the π-core modification, we also conducted a computational 
investigation into the role of the alkoxy and alkyl side groups.  Interestingly, when alkyl 
side groups were substituted in our two smallest systems (P-TH and TD-P-TH) the 
LUMO exhibited a decrease in value by approximately 0.2 eV, while the HOMO lowered 
by approximately 0.1 eV when compared to the alkoxy version.  The net impact on the 
smaller molecules is a slight Egap compression of 0.1 eV when using alkyl as opposed to 
alkoxy groups.   For our larger molecules, the HOMO and LUMO energies were virtually 
unchanged by the use of either solubilizing side group.  An examination of the 
distribution of the LUMO orbitals illustrates the rationale for this observation.  The 
LUMO orbitals for the smaller systems extend throughout the entire molecular 
framework.  The electron-donating effect of the alkoxy groups by resonance hinders 



















previously, in our two larger systems, both HOMO and LUMO orbitals did not extend to 
the solubilizing side groups, and thus unaffected by the choice of alkoxy or alkyl group.  
As previously reported computationally, rotation of one thiophene unit in TD-P-
TH resulted in an increased Egap of approximately 0.40 eV when compared to Egap in the 
ground state (planar) geometry.   Rotating both thiophene units out of the π-core plane by 
90o produced an additive effect, increasing ∆E to 2.40eV.  In an effort to test the 
computationally determined suppositions involving HOMO and LUMO for this system, a 
slightly modified structure was proposed for both theoretical and experimental study. The 
new molecule (TD-P-MeTH-Me) was structurally identical to TD-P-TH-Me, but 
included the addition of a methyl group at the “3” position of both thiophene units, 
effectively forcing the rings out of the π-core plane.  The optimized geometry of this 
structure at the B3LYP/6-31G* level of theory predicted a dihedral angle of 51o between 
thiophene and the π-core, with a ∆E value of 1.90 eV.  (Figure 2.8)   
 
 







2.3.4 Assembly Properties 
To test the assembly properties of the PA-THs, cast films from CHCl3 solutions 
were prepared by slow evaporation onto glass slides. The films produced were 
characterized by polarized optical microscopy. P-TH-OC10 and P-TH-C10 had good 
solubility in CHCl3 and easily produced uniform cast films of 1D fibers (ca. 500 nm in 
width) from CHCl3 solutions as seen in Figure 2.9. Despite having more limited 
solubility, diluted solutions of BP-TH-OC16 in CHCl3 also gave uniform fibers with a 
width of ca. 1 µm. TD-BP-TH-OC16 had poor solubility at concentrations capable of 
producing a film thick enough for visualization under an optical microscope, and 
therefore other assembly methods were employed. Cast films of TD-P-TH-C10 and TD-
P-diTH-C10 did not produce any fibers, rather large leaf like crystals were formed. 
Despite the assembly method used TD-P-MeTH-C10 did not display any defined 
structures.  
 
Figure 2.9.  Optical micrographs of cast films: (a) P-TH-OC10 (8 mg / mL 
CHCl3), (b) P-TH-C10 (15.3 mg / mL TCE), (c) BP-TH-OC16 (4mg / mL 
CHCl3), (d) TD-P-TH-C10 (cross-polarized) (7 mg / mL CHCl3), (e) TD-
P-diTH-C10 (cross polarized) (10-5M CHCl3) and (f) TD-BP-TH-OC16 (2 




Precipitates formed from concentrated CHCl3 solutions of BP-TH-OC16 and 
TD-BP-TH-OC16 were placed on a glass slide and observed under POM. Both 
compounds showed dense fiber formation. A partial gel was also observed in the case 
TD-BP-TH-OC16. Organogelation studies were not preformed due to the remarkable 
fibers already formed by simple precipitation.  A PT method was used to further study the 
assembly of TD-BP-TH-OC16 and the resulting precipitates were characterized using a 
transmission electron microscope (TEM). TEM was also used to characterize fibers 
formed from simple precipitation of TD-BP-TH-OC16 as well as BP-TH-OC16 from a 
CHCl3 solution. TEM images are show in figure 2.10. It was discovered that the large 
bundles observed from TD-BP-TH-OC16 in POM (from both precipitation and PT 
assembly), where in fact composed of many thinner fibers with a width of ca. 10 nm. 
Precipitates of BP-TH-OC16 from CHCl3 showed tape like fibers, with a width of ca. 




Figure 2.10.  TEM images of cast films: (a, b) BP-TH-OC16 (5.5 
mg / mL hot CHCl3, cooled to RT until precipitates formed) and (c, 
d, e) TD-BP-TH-OC16 (0.7 mg / mL CHCl3, and then 5mL MeOH 
slowly added.  Left overnight.  Purple precipitates), (f) TD-BP-TH-
OC16 (2 mg / mL hot CHCl3, cooled to RT, partial gel). 
 
 
The absorption behavior of the fibers were further characterized and compared 
with those in the solution state. Figure 2.11 shows the UV-Vis spectra of cast films of P-
TH-OC10, P-TH-C10, BP-TH-OC16, and TD-BP-TH-OC16 versus a CHCl3 solution. 
All films had red-shifted absorptions at λmax as well as peaks at longer wavelengths. The 
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cast film of P-TH-OC10 shows splitting of λmax with a difference of 20 nm between the 
two peaks.  Shoulder peaks of P-TH-OC10, and P-TH-C10 seen in the thin films, are red 
shifted by 20 nm and 35 nm, respectively.  BP based compounds had the most 
pronounced red-shift at λmax (ca. 20 nm). For both BP-TH-OC16 and TD-BP-TH-OC16, 
the UV Vis spectra of the cast films showed more definition in the peak structure at 
longer wavelengths. TD-BP-TH-OC16 in particular shows peaks at 541 nm, 580 nm, 
675 nm, and 733 nm for the cast film whereas the solution state shows high wavelength 
peaks at 530 nm and 690 nm.  
 
 
Figure 2.11.  UV-Vis absorption spectra of (a) P-TH-OC10, (b) P-TH-C10, (c) BP-TH-
OC16, and (d) TD-BP-TH-OC16 in CHCl3 (solid line) and cast film (dotted line). 
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A series of small-molecule donor-acceptor systems have been synthesized and 
characterized to show independent control of ELUMO and EHOMO, resulting in a 
compressed Egap. Stille cross coupling between dibromophenazine and 2-
(tributylstannyl)thiophene gave P-TH-OC10 in good yield. For all other compounds, an 
appropriate diamine compound was prepared via Stille coupling of 2-
(tributylstannyl)thiophene with an appropriate intermediate to provide a diamine product 
for cyclization with various diketo compounds. The compounds prepared using this less 
direct method, were also obtained in good yields.  
With regard to control of ELUMO, extension of the π-core with TD further 
enhanced the electron deficiency of the acceptor part of the molecule resulting in a 
decreased ELUMO. ELUMO was decreased from -3.32 eV (TP-P-C0) to -3.90 eV (TD-P-
TH-C10). The smaller, P-based π-core supported more flexibility in changes to the 
electronic structure due to the non-disjunctive orbital distribution. Additionally this 
provided an additional benefit of lowering ELUMO by using less electron rich alkyl side 
chains rather than alkoxy side chains on the P π-core as demonstrated with P-TH-OC10 
and P-TH-C10. A difference of 0.15 eV was observed in this case.  
Furthermore, it was also shown that the planarity of the molecule plays a crucial 
role in the control of EHOMO. Extensive theoretical evaluations made on the effects of the 
dihedral angle on HOMO were supported experimentally when a methyl substituent was 
introduced to the thiophene unit (TD-P-MeTH-C10). This bulky substituent prohibits a 




Ultimately, our goal was to obtain low Egap compounds by independent control of 
ELUMO and EHOMO. TD-P-diTH-C10 showed a very impressive Egap of 1.21 eV. The 
addition of an extra thiophene unit increased EHOMO by 0.18 eV, compared EHOMO of TD-
P-TH-C10. ELUMO was only lowered by 0.04 eV in this case.  
All compounds with the exception of TD-P-TH-C10, TD-P-diTH-C10, and TD-
P-MeTH-C10 demonstrated the ability to assemble into 1D structures by slow 
evaporation to a thin film, and/or by a PT method. These fibers were able to be 
characterized by POM, and TEM. Amazingly, TD-BP-TH-OC16 forms uniform fibers 


















APPENDIX & SUPPORTING INFORMATION 
LIST OF ABBREVIATIONS 
HOMO  Highest Occupied Molecular Orbital 
LUMO  Lowest Unoccupied Molecular Orbital 
1D   One dimensional 
NMR   Nuclear Magnetic Resonance 
CV   Cyclic Voltammetry 
NBS   N-bromosuccimide 
CDCl3   Deuterated chloroform 
TCE   Trichloroethane 
THF   Tetrahydrofuran 
POM   Polarized Optical Microscopy 
TEM   Transmission Electron Microscopy 
NC-AFM  Non Contact-Atomic Force Microscopy 
XRD   X-ray diffraction 
Tgel   Gelling Temperature 
CGC   Critical Gel Concentration 
TD   Thiadiazole 
TH   Thiophene 




System I Supporting Information. 
 
Figure S1. Beer Plot of CN-PA in CHCl3 
 
Figure S2. Beer Plot of PA-PY in CHCl3 
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Figure S3. Beer Plot of PA-PYZ in CHCl3 
 
 
Figure S4. Beer Plot of PA-BTD-Br in CHCl3 
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System II Supporting Information. 
 
Figure S7. Beer Plot of P-TH-OC10 in CHCl3 
 
Figure S8. Beer Plot of P-TH-C10 in CHCl3 
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Figure S9. Beer Plot of TD-P-TH-C10 in CHCl3 
 
 
Figure S10. Beer Plot of TD-P-MeTH-C10 in CHCl3 
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Figure S11. Beer Plot of TD-P-diTH-C10 in CHCl3 
 
 
Figure S12. Beer Plot of BP-TH-OC16 in CHCl3 
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